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(54) Rate responsive cardiac pacemaker 

(57) An implantable dual-chamber pacemaker pro- 
grammed to operate primarily in an atrial tracking mode 
is provided, where the pacemaker maintains a consist- 
ent atrial rate of entry into, and exit from, a 2:1 block 
response mode by setting rate-responsive AV delay val- 
ues in accordance with a continually monitored intrinsic 
atrial rate incorporating atrial events occurring during 
atrial refractory periods. The atrial rate of entry into, and 
exit from the 2:1 block response mode is determined by 
the length of a total atrial refractory period, which is the 
sum of the rate-responsive AV delay and a programma- 
ble refractory period. 
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Description 

The present invention relates generally to cardiac 
pacemakers, and more particularly, to a rate-respon- 
sive, programmable, dual-chamber pacemaker pro- 
grammed to operate in an atrial tracking mode, where 
the pacemaker maintains a consistent atrial rate of entry 
into, and exit from, a 2:1 block response mode by setting 
rate-responsive AV delay values in accordance with an 
intrinsic atrial rate continually sensed during atrial re- 
fractory periods. 

Essentially, the heart is a pump which pumps blood 
throughout the body. It consists of four chambers - two 
atria and two ventricles. In order for the heart to efficient- 
ly perform its function as a pump, the atrial muscles and 
ventricular muscles should contract in a proper se- 
quence and in a timed relationship. 

In a given cardiac cycle (corresponding to one 
"beat' of the heart), the two atria contract, forcing the 
blood therein into the ventricles. A short time later, the 
two ventricles contract, forcing the blood therein to the 
lungs (from the right ventricle) or through the body (from 
the left ventricle). Meanwhile, blood from the body fills 
the right atrium and blood from the lungs fills the left atri- 
um, waiting for the next cycle to begin. A typical healthy 
adult heart may beat at a rate of 60-80 beats per minute 
(bpm) while at rest, and may increase Its rate to 1 40-1 80 
bpm when the adult is engaging in strenuous physical 
exercise, or undergoing other physiologic stress. 

The healthy heart controls its rhythm from its SA 
node, located in the upper portion of the right atrium. 
The SA node generates an electrical impulse at a rate 
commonly referred to as the "sinus" or "intrinsic" rate. 
This impulse is delivered to the atrial tissue when the 
atria are to contract and, after a suitable delay {on the 
order of 140-220 milliseconds), propagates to the ven- 
tricular tissue when the ventricles are to contract. 

When the atria contract, a detectable electrical sig- 
nal referred to as a P-wave is generated. When the ven- 
tricles contract, a detectable electrical signal referred to 
as an R-wave is generated. The R-wave is much larger 
than the P-wave, principally because the ventricular 
muscle tissue is much more massive than the atrial mus- 
cle tissue. The atrial muscle tissue need only produce 
a contraction sufficient to move the blood a very short 
distance - from the respective atrium to its correspond- 
ing ventricle. The ventricular muscle tissue, on the other 
hand, must produce a contraction sufficient to push the 
blood over a long distance (e.g., through the complete 
circulatory system of the entire body). 

Other electrical signals or waves are also detecta- 
ble within a cardiac cycle, such as a Q-wave (which is 
the negative deflection immediately preceding an R- 
wave), an S-wave (which is the negative deflection im- 
mediately following an R-wave), and a T-wave (which 
represents the repolarization of the ventricular muscle 
tissue). 

It is the function of a pacemaker to provide electrical 



stimulation pulses to the appropriate chambers) of the 
heart (atrium, ventricle, or both) in the event the heart 
is unable to beat on its own (i.e., in the event either the 
SA node fails to generate its own natural stimulation 

s pulses at an appropriate sinus rate, or in the event such 
natural stimulation pulses do not effectively propagate 
to the appropriate cardiac tissue). Most modem pace- 
makers accomplish this function by operating in a "de- 
mand" mode where stimulation pulses from the pace- 

io maker are provided to the heart only when it is not beat- 
ing on its own, as sensed by monitoring the appropriate 
chamber of the heart for the occurrence of a P-wave or 
an R-wave. If a P-wave or an R-wave is not sensed with- 
in a prescribed period of time (which period of time is 

is often referred to as the "escape interval"), then a stim- 
ulation pulse is generated at the conclusion of this pre- 
scribed period of time and delivered to the appropriate 
heart chamber via a pacemaker lead. 

Modem programmable pacemakers are generally 

£0 of two types: (1) single-chamber pacemakers, and (2) 
dual-chamber pacemakers. In a single-chamber pace- 
maker, the pacemaker provides stimulation pulses to, 
and senses cardiac activity within, a single-chamber of 
the heart (e.g., either the right ventricle or the right atri- 

25 urn). 

In a dual-chamber pacemaker, the pacemaker pro- 
vides stimulation pulses to, and senses cardiac activity 
within, two chambers of the heart (e.g., both the right 
atrium and the right ventricle). The left atrium and left 

30 ventricle can also be paced, provided that suitable elec- 
trical contacts are made therewith. 

Much has been written and described about the var- 
ious types of pacemakers and the advantages and dis- 
advantages of each. For example, commonly-assigned 

35 U.S. Patent No. 4,71 2,555 of Thomander et al. presents 
background information about pacemakers and the 
manner in which they interface with a patient's heart. 
This patent is hereby incorporated by reference in its 
entirety. 

40 One of the most versatile programmable pacemak- 
ers available today is the DDDR pacemaker. This pace- 
maker represents a fully automatic pacemaker which is 
capable of sensing and pacing in both the atrium and 
the ventricle, and is also capable of adjusting the pacing 
45 rate based on one or more physiological factors, such 
as the patient's activity level. When functioning properly, 
the DDDR pacemaker can limit certain drawbacks as- 
sociated with the use of pacemakers. For example, the 
DDDR pacemaker can maintain AV synchrony while 
so providing bradycardia support. 

In general, DDDR pacing has four functional states: 
(1) P-wave sensing, ventricular pacing (PV); (2) atrial 
pacing, ventricular pacing (AV); (3) P-wave sensing, R- 
wave sensing (PR); and (4) atrial pacing, R-wave sens- 
es ing (AR). Advantageously, for the patient with complete 
or partial heart block, the PV state of the DDDR pace- 
maker tracks the atrial rate which is set by the heart's 
SA node, and then paces in the ventricle at a rate that 
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follows this atrial rate. Because the rate set by the SA 
node represents the rate at which the heart should beat 
in order to meet the physiologic demands of the body 
(at least for a heart having a properly functioning SA 
node) the rate maintained in the ventricle by such a s 
pacemaker is truly physiologic. 

Those skilled in the art have long recognized the 
advantages of using an atrial tracking pacemaker. For 
example, U.S. Patent No. 4,624,260 to Baker, Jr. et al. 
discloses a microprocessor-controlled dual-chamber to 
pacemaker having conditional atrial tracking capability. 
Similarly, U.S. Patent No. 4,485,818 of Leckrone et al. 
discloses a microprocessor-based pacemaker which 
may be programmed to operate in one of a plurality of 
possible operating modes, including an atrial rate track- is 
ing mode. 

Unfortunately, in some instances, a given patient 
may develop fast atrial rhythms which result from a path- 
ologic arrhythmia such as a pathological tachycardia, fi- 
brillation or flutter. In these cases, a DDDR pacemaker *o 
may pace the ventricle in response to the sensed atrial 
arrhythmia up to a programmed maximum tracking rate 
(MTR). The MTR defines the upper limit for the ventricu- 
lar rate when the pacemaker is tracking the intrinsic atri- 
al rate. As a result, the MTR sets the limit above which & 
the ventricles cannot be paced, regardless of the intrin- 
sic atrial rate. Thus, the purpose of the MTR is to prevent 
rapid ventricular stimulation, which could occur if the in- 
trinsic atrial rate becomes very high and the pacemaker 
attempts to track atrial activity with 1 :1 AV synchrony. so 

When the intrinsic atrial rate exceeds the MTR the 
pacemaker may initiate one or more upper atrial rate re- 
sponse functions - such as automatically switching the 
pacemaker's mode of operation from an atrial tracking 
mode to a non-atrial rate tracking mode. However, in 35 
some cases mode-switching may not be a desirable up- 
per rate response. Most previously known mode-switch- 
ing techniques are based in whole or in part on the pa- 
tient's sensed atrial rate exceeding a certain threshold 
atrial rate (such as the MTR). This mode-switching cri- <o 
terion may cause problems for patients who exhibit nor- 
mal sinus tachycardia due to physical activity. Another 
difficulty associated with mode-switching techniques is 
that mode-switching occasionally occurs due to electri- 
cal noise present in the atrial sensing channel of the 
pacemaker, or due to a one-of-a-kind fast P-wave. In 
these instances, rates slightly exceeding the MTR are 
not indicative of a pathologic arrhythmia. These patients 
may thus be subjected to undesirably frequent mode- 
switching occurrences as their atrial rates exceed and so 
then drop below the MTR. 

The heart's natural response to a high atrial rate in- 
volves a phenomenon known as ■blocking" - where the 
AV node attempts to maintain a form of AV synchrony 
by "dropping out" occasional ventricular beats when the ss 
high atrial rate exceeds a certain natural threshold i.e., 
the refractory period of the heart tissue. The blocking 
phenomenon is often expressed as a ratio of the atrial 



beats to the ventricular beats (e.g. 6:5, 4:3, etc.). Of par- 
ticular importance is a 2:1 block condition where there 
are two atrial beats for every one ventricular beat. The 
2:1 block condition is a natural response to a very high 
atrial rate, during which full ventricular rate synchroni- 
zation (i.e. at a 1 : 1 ratio) would be dangerous to the pa- 
tient. 

Implantable stimulation devices emulate this 2:1 
condition, by tracking P-waves up to the device's pro- 
grammed total refractory period (TARP) of the heart. 
That is, P-waves which fall in the total refractory period 
are not tracked, and the device is said to have a "2:1 
response mode". 

In addition, a 2:1 block response mode decreases 
the likelihood of a pacemaker mediated tachycardia. 
Pacemaker mediated tachycardia may occur when pac- 
ing pulses delivered in the ventricle causes a retrograde 
P-wave to be conducted to the atria immediately after 
each pacing pulse is delivered. This forces the apparent 
atrial rate to increase due to the additional P-waves oc- 
curring during a cardiac cycle during which a ventricular 
pulse was delivered. Since the ventricle is typically 
paced in full synchrony with the atrial rate, a tachycardia 
develops as the ventricular pacing rate increases to fol- 
low the high atrial rate caused by the retrograde con- 
duction. During the 2:1 block response mode, the ven- 
tricles are paced at a lower rate than the atrial rate, be- 
cause P-waves occurring soon after ventricular events 
are ignored for the purposes of calculating the ventricu- 
lar pacing rate. As a result, the 2:1 block response mode 
prevents the pacemaker from pacing the ventricles at a 
tachycardia rate. 

The 2:1 block response mode is an effective re- 
sponse for dealing with short incidences of high atrial 
rates and in preventing occurrence of a pacemaker me- 
diated tachycardia resulting from retrograde P-waves. 
However, the 2: 1 block response mode may become un- 
comfortable for the patient if it is maintained for an ex- 
tended period of time due to programmed long atrial re- 
fractory periods, because the pacing rate will be 1/2 the 
required physiologic rate. 

Some dual-ctiamber pacemakers have attempted 
to emulate the natural block condition as an upper atrial 
rate response by reducing the ventricular pacing rate 
when the intrinsic atrial rate exceeds the MTR. Since 
the MTR is programmed by the medical practitioner as 
the maximum safe rate at which the ventricles may be 
paced, when the intrinsic atrial rate exceeds the MTR a 
dangerous upper rate condition is deemed to exist and 
the ventricular pacing rate is reduced in order to prevent 
it from exceeding the MTR. 

Pacemakers incorporate a programmable parame- 
ter known as an atrial refractory period, which is initiated 
by either a paced or sensed cardiac event. The atrial 
refractory period, also called a total atrial refractory pe- 
riod (TARP), is made up of two segments. The first seg- 
ment, known as the AV Delay (AVD), is initiated by a 
paced or sensed atrial event. The second segment. 
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known as the post ventricular atrial refractory period 
(PVARP), is initiated by a paced or sensed ventricular 
event. The TARP (measured in milliseconds (ms)) is in- 
versely proportional to the rate at which 2:1 block oc- 
curs, that is, the 2:1 block rate occurs is 60,000 + TARP s 
tor conversion to beats per minute (bpm). As a result, 
when the intrinsic atrial rate exceeds the rate specified 
by the TARP, one or more atrial events occur during the 
TARP. For example, if the 2:1 block rate is 160 bpm, 
then the TARP is 60 ,000 + 160, or 375 ms. If the intrinsic 
atrial rate is 200 bpm, the interval between the atrial 
events is 60,000 + 200, or 300 ms, which means that 
one atrial event occurs within the TARP of 375 ms. 
Therefore, atrial events occurring during the TARP are 
not counted by the pacemaker for the purpose of pacing 
the ventricles. Instead, only atrial events occurring out- 
side the TARP are counted in order to derive a "sensed 
functional atrial rate'. The pacemaker then paces the 
ventricles at a rate that follows the sensed functional 
atrial rate. As the intrinsic atrial rate increases, the oc- 
currence of an atrial event during the TARP becomes 
more probable, until every other atrial event falls into the 
TARP. Since the atrial events occurring during the TARP 
are not counted, the sensed functional atrial rate (and 
thus the ventricular pacing rate) is approximately one 
half of the intrinsic atrial rate and a 2:1 block response 
node is entered. When the intrinsic atrial rate begins to 
decrease, a decreasing number of atrial events occur 
within the TARP When the intrinsic atrial rate falls below 
the 2:1 block rate, it is equal to the sensed functional 
atrial rate, since no atrial events occur during the TARP 
(i.e., no atrial events are skipped). 

Advancements in pacemaker technology have 
been driven by a desire to approximate true physiolog- 
ical cardiac activity through pacing. One pacemaker 
f unction that mimics physiological behavior of the heart 
is rate-responsive AV delay (RRAVD). The RRAVD al- 
lows the pacemaker to respond to changes in the intrin- 
sic atrial rate by progressively decreasing the AVD in 
preprogrammed increments from its base value as the 
intrinsic atrial rate increases until a minimum preset 
shortened AVD value is reached. This function is re- 
ferred to as •rate-responsive AV delay shortening - . This 
minimum preset AVD is usually reached when the intrin- 
sic atrial rate exceeds an upper rate threshold but before 
the 2:1 block condition is entered. Thus, the RRAVD 
combined with the PVARP enables the TARP to change 
in response to changes in the atrial rate. A rate-respon- 
sive refractory period is advantageous because it close- 
ly emulates the physiological behavior of the heart and 
increases patient comfort 

Similar to most rate-responsive pacemaker func- 
tions, the RRAVD of previously known pacemakers is 
based on the sensed functional atrial rate since previ- 
ously known rate-responsive pacemakers equipped 
with the RRAVD function do not sense atrial events oc- 
curring during the TARP. This does not pose a problem 
when the intrinsic atrial rate is below the 2:1 block rate 



since up to that point, the intrinsic atrial rate is equal to 
the sensed functional atrial rate. However, when the in- 
trinsic atrial rate exceeds the 2:1 block rate, the sensed 
functional atrial rate begins to drop in value as atrial 
events falling into the TARP are ignored. When the 2:1 
block response mode is reached at a block entry rate, 
which is typically equal to the TARP, the RRAVD is reset 
from its minimum value to its base value, because ac- 
cording to the sensed functional atrial rate, the atrial rate 
is far below the upper rate limit. This phenomenon re- 
sults in an adjustment of the TARP to a higher value and 
thus changes a block exit rate at which the 2:1 block 
condition may be exited. As a result, the block exit rate 
is lower than the block entry rate, because the block exit 
rate is based on the higher TARP (incorporating the 
maximum value AVD), while the block entry rate is 
based on a tower TARP (incorporating the minimum 
AVD). Thus, a patient will be forced to remain in the 2: 
1 block response mode longer than necessary, because 
in order for the pacemaker to exit from the 2:1 block re- 
sponse mode, the intrinsic atrial rate must drop below 
the block exit rate, a lower rate than the block entry rate 
at which the 2:1 block response mode was entered. 

Inconsistent rates of entry into and exit from 2:1 
block are contradictory to the physiological behavior of 
the heart (where the rates of entry into and exit from 
naturally occurring 2:1 block condition are relatively con- 
sistent), and may cause discomfort to the patient. Fur- 
thermore, inconsistent rates of entry into and exit from 
2:1 block force the pacemaker to maintain the 2:1 block 
response mode longer than is necessary further in- 
creasing the likelihood of discomfort associated with an 
extended 2:1 block response mode. 

Thus, it would be desirable for a pacemaker 
equipped with a RRAVD function to maintain consistent 
rates of entry into and exit from a 2:1 block response 
mode. 

In accordance with this invention, an implantable 
dual-chamber pacemaker programmed to operate pri- 
marily in an atrial tracking mode is provided, where the 
pacemaker maintains a consistent atrial rate of entry in- 
to, and exit from, a 2:1 block response mode by setting 
rate-responsive AV delay values in accordance with a 
continually monitored intrinsic atrial rate incorporating 
atrial events occurring during atrial refractory periods. 

The pacemaker of the present invention includes a 
control system for controlling the operation of the pace- 
maker, a set of leads for receiving atrial and ventricular 
signals and for delivering atrial and ventricular stimula- 
tion pulses, a set of amplifiers for amplifying the atrial 
and ventricular signals, and pulse generators for gener- 
ating atrial and ventricular stimulation pulses. In addi- 
tion, the pacemaker includes memory for storing oper- 
ational parameters for the control system and for storing 
data acquired by the control system for later retrieval by 
the medical practitioner using an external programmer. 
The pacemaker also includes a telemetry circuit for 
communicating with the external programmer. 
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The pacemaker of the present invention is provided 
with a rate-responsive AV delay (RRAVD) which chang- 
es its value in response to changes in the intrinsic atrial 
rate. When the intrinsic atrial rate is tower than or equal 
to a first threshold rate (TR1 ), the RRAVD is set to its 
highest value. When the intrinsic atrial rate is between 
the TR1 and a second threshold rate (TR2), the RRAVD 
is set to one or more intermediate values. Finally, when 
the intrinsic atrial rate equals or exceeds TR2, the 
RRAVD is set to its minimum value. The intrinsic atrial 
rate-based RRAVD is advantageous because it mimics 
the natural shortening of the refractory periods when the 
atrial rate increases. 

Unlike previously known rate-responsive pacemak- 
ers which do not sense the atrial events occurring during 
refractory periods (thus, ignoring the intrinsic atrial rate 
when it exceeds the TARP), and which base the RRAVD 
settings on the sensed functional atrial rate, the pace- 
maker of the present invention continually monitors the 
intrinsic atrial rate by sensing all atrial events, even 
those falling into the refractory periods, and bases the 
RRAVD on the intrinsic atrial rate. When the intrinsic atri- 
al rate exceeds the TR2, the RRAVD is set to its mini- 
mum value, thus causing the TARP to be set to its min- 
imum value as well. This minimum TARP is inversely 
proportional to the block entry rate since the block entry 
rate equals 60,000 divided by the TARP. 

When the intrinsic atrial rate exceeds the block en- 
try rate, the pacemaker continues to monitor the intrinsic 
atrial rate value and the RRAVD remains at its minimum 
value since the intrinsic atrial rate is higher than the 
block entry rate. As a result, the TARP remains at a rel- 
atively constant value during the 2:1 block response 
mode (i.e., while the intrinsic atrial rate is greater than 
the block entry rate). Because the TARP remains rela- 
tively constant during the 2:1 block response mode, the 
block exit rate is based on the same TARP as is the block 
entry rate. As a result, the block exit rate is consistent 
with the block entry rate. The sensed functional atrial 
rate is used for determining the ventricular pacing rate 
and not for setting the RRAVD. 

The pacemaker of the present invention closely 
mimics the physiological behavior of a healthy heart and 
improves the comfort of a patient by sensing all atrial 
events, even those falling into the refractory periods, 
and by basing the RRAVD settings on the intrinsic atrial 
rate in order to provide consistent rates of entry into and 
exit from a 2:1 block response mode. In another aspect 
of this invention, a method for providing consistent rates 
of entry into, and exit from, a 2:1 block response mode 
is provided. 

The present invention enables a method of operat- 
ing an implantable pacemaker to be carried out, com- 
prising the steps of: 

coupling the pacemaker to, respectively, an atrial 
chamber and a ventricular chamber of a heart; 
defining a programmable total refractory period 



comprising a sum of a first refractory period and a 
second refractory period; 

sensing an intrinsic atrial rate in an atrial chamber 
of the heart, including sensing of atrial events during 

s the total refractory period; 

determining when the intrinsic atrial rate is less than 
or equal to a first threshold rate, when the intrinsic 
atrial rate is greater than or equal to a second 
threshold rate, and when the intrinsic atrial rate is 

10 greater than the first threshold rate and less than 
the second threshold rate; and 
selecting a maximum value for the second refracto- 
ry period when the intrinsic atrial rate is less than or 
equal to a first threshold rate, selecting a minimum 

is value for the second refractory period when the in- 
trinsic atrial rate is greater than or equal to a second 
threshold rate, and selecting at least one interme- 
diate value for the second refractory period when 
the intrinsic atrial rate is greater than the first thresh- 

20 old rate and less than the second threshold rate; 

whereby the total refractory period equals a mini- 
mum total refractory period when the second refrac- 
tory period is set to a minimum value, the total re- 
fractory period equals at least one intermediate total 

25 refractory period when the second refractory period 
is set to at least one intermediate value, and the to- 
tal refractory period equals a maximum total refrac- 
tory period when the second refractory period is set 
to a maximum value. 

30 

The invention may be carried into practice in various 
ways and some embodiments will now be described 
with reference to the accompanying drawings, in which: 

35 RG. 1 is a block diagram of a dual-chamber pace- 
maker in accordance with the principles of the 
present invention; 

FIG. 2 is a table representing an example of AVD 
values and corresponding atrial rates for use with 

40 the pacemaker of RG. 1 ; 

RG. 3 depicts a graph of the intrinsic atrial rate, the 
sensed functional atrial rate, and the RRAVD plot- 
ted over time, representing a standard 2:1 block re- 
sponse of a previously known pacemaker, 

45 RG. 4 depicts a graph of the intrinsic atrial rate, the 
sensed functional atrial rate, and the RRAVD plot- 
ted overtime, representing a 2:1 block response of 
the pacemaker of RG. 1 in accordance with the 
principles of the present invention; and 

so RG. 5 is a logic flow diagram representing an en- 
hanced 2: 1 block response control program execut- 
ed by the control system of the pacemaker shown 
in FIG. 1 , for providing consistent rates of entry into, 
and exit from, a 2:1 block response mode in accord- 

55 ance with the principles of the present invention. 

A pacemaker 10 in accordance with this invention 
is shown in RG. 1. The pacemaker 10 is coupled to a 
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heart 12 by way of leads 14 and 16, the lead 14 having 
an electrode 18 which is in contact with one of the atria 
of the heart 12, and the lead 16 having an electrode 20 
which is in contact with one of the ventricles. The lead 
14 carries stimulating pulses to the electrode 18 from 
an atrial pulse generator 22, while the lead 16 carries 
stimulating pulses to the electrode 20 from a ventricular 
pulse generator 24. In addition, electrical signals from 
the atria are carried from the electrode 18, through the 
lead 14 to the input terminal of an atrial sense amplifier 
26. Electrical signals from the ventricles are carried from 
the electrode 20, through the lead 16 to the input termi- 
nal of a ventricular sense amplifier 28. 

Controlling the dual-chamber pacemaker 10 is a 
control system 30. The control system 30 is preferably 
a microprocessor-based system such as the one dis- 
closed in commonly-assigned U.S. Patent No. 
4,940,052 of Mann, which is hereby incorporated by ref- 
erence in its entirety. The control system 30 may also 
be a state logic-based system such as the one disclosed 
in commonly-assigned U.S. Patent No. 4,944,298 of 
Sholder, which is hereby incorporated by reference in 
its entirety. The control system 30 also includes a real- 
time clock (not shown) for providing timing for monitor- 
ing cardiac events and for timing the application of ther- 
apeutic pulses by the pulse generators 22 and 24. 

The control system 30 receives the output signals 
from the atrial amplifier 26 over a signal line 32. Simi- 
larly, the control system 30 receives the output signals 
from the ventricular amplifier 28 over a signal line 34. 
These output signals are generated.each time that an 
atrial event (e.g., a P-wave) or a ventricular event (e.g., 
an R-wave) is sensed within the heart 12. 

The control system 30 also generates an atrial trig- 
ger signal which is sent to the atrial pulse generator 22 
over a signal line 36, and a ventricular trigger signal 
which is sent to the ventricular pulse generator 24 over 
a signal line 38. These trigger signals are generated 
each time that a stimulation pulse is to be generated by 
one of the pulse generators 22 or 24. The atrial stimu- 
lation pulse is referred to simply as the TV-pulse," and 
the ventricular stimulation pulse is referred to as the "V- 
pulse." 

During the time that either an A-pulse or a V-pulse 
is being delivered to the heart 1 2, the corresponding atri- 
al amplifier 26 or the ventricular amplifier 28 is typically 
disabled by way of a blanking signal presented to the 
appropriate amplifier from the control system 30 over a 
signal line 40 for the atrial amplifier 26 or a signal line 
42 for the ventricular amplifier 28. This blanking action 
prevents the amplifiers 26 and 28 from becoming satu- 
rated with the relatively large stimulation pulses which 
are present at their input terminals during pacing pulse 
delivery. This blanking action also prevents residual 
electrical signals (known as "afterpotentials") present in 
the muscle tissue as a result of the pacemaker stimula- 
tion from being interpreted as atrial or ventricular events. 

The pacemaker 10 also includes a memory circuit 



44 which is coupled to the control system 30 through a 
suitable data bus 46. The memory circuit 44 allows cer- 
tain control parameters used by the control system 30 
in controlling the operation of the pacemaker 10 to be 
5 programmably stored and modified, as required, in or- 
der to customize the operation of the pacemaker 10 to 
suit the needs of a particular patient. In addition, data 
sensed during the operation of the pacemaker 10 may 
be stored in the memory circuit 44 for later retrieval and 
to analysis. 

A telemetry circuit 48 is further included in the pace- 
maker 10. The telemetry circuit 48 is connected to the 
control system 30 by way of a suitable command/data 
bus 50. In turn, the telemetry circuit 48 may be selec- 
ts tively coupled to an external programming device 52 by 
means of an appropriate communication link 54. The 
communication link 54 may be any suitable electromag- 
netic link such as an RF (radio frequency) channel. 
Commands may be sent by the medical practitioner 
20 to the control system 30 from the external programmer 
52 through the communication link 54. Similarly, through 
this commun ication link 54 and the external programmer 
52, data (either held within the control system 30, as in 
a data latch, or stored within the memory circuit 44) may 
25 be transmitted by the pacemaker 1 0 to the external pro- 
grammer 52. In this manner, noninvasive communica- 
tion may be established with the implanted pacemaker 
10 from a remote, non-implanted location. 

The operation of the pacemaker 1 0 is generally con- 
so trolled by a control program stored in the memory circuit 
44 and executed by the control system 30. This control 
program usually consists o1 multiple integrated program 
modules, with each module bearing responsibility for 
controlling one or more functions of the pacemaker 10. 
35 For example, one program module may control the de- 
livery of stimulating pulses to the heart 1 2, while another 
module may control the acquisition of atrial and ventricu- 
lar electrical signals. In effect, each program module is 
a control program dedicated to a specific function or a 
40 set of functions of the pacemaker 10. 

The enhanced 2:1 block response control program 
of the present invention, described below in connection 
with FIG. 5, operates on several rates measured in 
beats per minute (bpm) and intervals which are meas- 
45 ured in milliseconds (ms). An interval in milliseconds is 
inversely proportional to the rate in beats per minute. 
The conversion between the interval and the corre- 
sponding rate is accomplished by dividing 60,000 by the 
interval to get the rate, or by dividing 60,000 by the rate 
so to get the interval. For example, if the interval is 300 ms, 
the corresponding rate is 60.000 + 300, or 200 bpm. 

Before describing the control program in greater de- 
tail it would be helpful to define the terminology of the 
various rates and intervals used in the operation of the 
55 control program. It would also be helpful to describe the 
relationships between the various rates and intervals 
used in the operation of the control program. 

An intrinsic atrial rate is determined by the control 
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system 30 by first measuring the interval in milliseconds 
between the P-wave sensed during the current cardiac 
cycle and the P-wave sensed during the previous car- 
diac cycle, and then dividing 60,000 by the interval to 
produce the intrinsic atrial rate in beats per minute 
(bpm). A maximum tracking rate (MTR) is typically the 
maximum rate at which the pacemaker 10 (FIG. 1) 
tracks the atrial rate when pacing the ventricles. The 
MTR is programmable by the medical practitioner using 
the external programmer 52 (FIG. 1 ). A typical value for 
the MTR may be 160 bpm. A 'base rate" is typically the 
minimum programmed pacing rate for a particular pa- 
tient. If the intrinsic atrial rate drops below the base rate, 
the patient is paced at the base rate. The base rate is 
programmable by the medical practitioner using the ex- 
ternal programmer 52 (FIG. 1). A typical value for the 
base rate may be 80 bpm. 

A total atrial refractory period (TARP) is made up of 
two segments. The first segment, known as the AV delay 
(AVD). is initiated by a paced atrial event (such as an A- 
pulse) generated by the atrial pulse generator 22 (FIG. 
1), or by a sensed atrial event (such as a P-wave) 
sensed by the atrial sense channel amplifier 26 (FIG. 1 ). 
The second segment, known as the post ventricular atri- 
al refractory period (PVARP), is initiated by a paced ven- 
tricular event (such as a V-pulse) generated by the ven- 
tricular pulse generator 24 (FIG. 1 ), or by a sensed ven- 
tricular event (such as an R-wave) sensed by the ven- 
tricular sense channel amplifier 28 (FIG. 1). The TARP 
is the sum of the two segments (AVD and PVARP). 

The block entry rate is the atrial rate at which the 2: 
1 block response mode is entered, while the block exit 
rate is the rate at which the 2:1 block response mode is 
exited. The block entry rate is inversely proportional to 
the TARP. For example if the TARP is 375 ms, the block 
entry rate is 60,000 + 375) or 160 bpm. Similarly, the 
block exit rate is also inversely proportional to the TARP. 
Thus, the TARP determines the rate of entry into, and 
exit from, the 2:1 block response mode. Typically, the 
block entry rate is not equal to the MTR so that the 2:1 
block response mode is entered when the intrinsic atrial 
rate exceeds the TARP. It should be noted that the block 
entry rate may be set to the same or a different value 
from the MTR without a departure from the spirit of this 
invention. 

The TARP may be varied by adjusting one or both 
of its segments. The PVARP segment is commonly a 
constant value programmable by the medical practition- 
er using the external programmer 52 (FIG. 1). Atypical 
value of the PVARP may be 275 ms. The AVD may be 
a constant programmable value, but is preferably short- 
ened by the control system 30 (FIG. 1 ) when the intrinsic 
atrial rate increases, and lengthened by the control sys- 
tem 30 (FIG. 1) when the intrinsic atrial rate decreases. 
This adjustable AVD is called a rate-responsive AV de- 
lay (RRAVD). 

The RRAVD may be better understood by the ex- 
ample shown in FIG. 2. The RRAVD has a maximum 



value, AVD_max, which is generally maintained when 
the intrinsic atrial rate is less than or equal to a first 
threshold rate (TR1), and a minimum value, AVD_min, 
which is generally maintained when the intrinsic atrial 
5 rate is greater than or equal to a second threshold rate 
(TR2). Both TR1 and TR2 may be programmed by a 
medical practitioner. One or more intermediate RRAVD 
values (e.g. AVD_1, AVD_2, etc.) may be programmed 
as increments between AVD max and AVD min cone- 
to sponding to changes in the intrinsic atrial rate between 
TR1 and TR2. In RG. 2, one such incremental value, 
AVD_1, is shown corresponding to the atrial rate being 
between the TR1 and the TR2. 

As shown in the example of Fig. 2, the AVD min is 
1 5 1 00 ms, the AVD_1 is 1 50 ms, the AVD_max is 200 ms, 
the TR1 is 1 00 bpm, the TR2 is 1 40 bpm, and the PVARP 
is 275 ms. 

Since the TARP is inversely proportional to the in- 
trinsic atrial rate (because the RRAVD changes inverse- 

20 |y with respect to changes in the intrinsic atrial rate), the 
TARP decreases in value as the intrinsic atrial rate in- 
creases. For example, if the intrinsic atrial rate is at 126 
bpm, the AVD would be set to AVDJ (1 50 ms) because 
the intrinsic atrial rate of 126 is between the TR1 of 100 

25 bpm and the TR2 of 1 40 bpm. With the PVARP set by 
the medical practitioner to 275 ms. the TARP would be 
425 ms (PVARP of 275 ms + AVD_1 of 150 ms). If the 
intrinsic atrial rate then increased to the value of the 
MTR (160 bpm), which is greater than the TR1 (140 

30 bpm), the AVD would be set to AVD_min (1 00 ms) and 
the TARP would decrease to 375 ms (PVARP of 275 ms 
+ AVD_min of 100 ms). Thus, the RRAVD function en- 
ables the pacemaker 10 (FIG. 1) to mimic the physio- 
logical refractory periods of a healthy heart which 

35 change in response to the atrial rate. 

When the intrinsic atrial rate exceeds the MTR (or 
the block entry rate if it is set to a different value from 
the MTR), the interval between P-waves of each suc- 
cessive cycle decreases while the TARP does not de- 

40 crease below its minimum value dictated by AVD_min 
(a TARP value of 375 ms in the above example). For 
example, when the intrinsic atrial rate is 170 bpm the 
interval between the P-wave of the current cycle and the 
P-wave of the previous cycle is 353 ms, and thus the P- 

45 wave of the current cycle falls within the TARP of 375 
ms. Thus, when the intrinsic atrial rate exceeds the 
MTR, one P-wave in every cycle falls into the TARP. 

Since pacing the ventricle at a rate exceeding the 
MTR may be dangerous, the P-waves occurring during 

so the TARP are not counted for the purpose of pacing the 
ventricle. Instead, only the P-waves occurring outside 
the TARP are counted to produce a sensed functional 
atrial rate. Returning to the above example, since every 
other P-wave falls into the TARP and is thus ignored, 

55 the sensed functional atrial rate is equal to one half of 
the intrinsic atrial rate. Thus, when the intrinsic atrial rate 
exceeds the 2:1 block rate, the control system 30 (FIG. 
1 ) no longer tracks the intrinsic atrial rate in order to pace 
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the ventricle but instead paces the ventricle at the 
sensed functional atrial rate, thus initiating a 2:1 block 
response mode, since the ventricular pacing rate is now 
one half of the intrinsic atrial rate. 

The pacemaker 10 (FIG. 1) as described thus far s 
operates similarly to previously known peacemakers, 
except that previously known pacemakers differ from 
the pacemaker 10 (FIG. 1) in that they do not base their 
rate-responsive functions (such as the RRAVD) on a 
rate derived from continually sensed P-waves, including 
P-waves which fall into the TARP. As a result, previously 
known pacemakers base their RRAVD on the sensed 
functional atrial rate, ignoring the intrinsic atrial rate 
when it exceeds the MTR. As described above, when 
the intrinsic atrial rate exceeds the MTR (or the block 
entry rate if it is set to a different value from the MTR), 
and every other P-wave falls into the TARP, the 2: 1 block 
response mode is entered and the sensed functional 
atrial rate drops to one half value of the intrinsic atrial 
rate. 

In FIG. 3, a graph depicting an example of the 2:1 
block response of a previously known pacemaker is de- 
scribed. In this example, the PVARP is 275 ms, the 
AVD_min is 1 00 ms, the AVD_1 is 1 50 ms, the AVD_max 
is 200 ms, the TR1 is 100 bpm, the TR2 is 140 bpm, the 
base rate is 80 bpm, and the MTR is 160 bpm. 

When the intrinsic atrial rate is below the base rate, 
the atria and ventricles are paced at the base rate (80 
bpm). At t1 , the intrinsic atrial rate begins to increase 
until t2, when the intrinsic atrial rate reaches the MTR 
of 160 bpm. When the intrinsic atrial rate is below TR1 
of 100 bpm, the RRAVD is at the AVD_max of 200 ms. 
When the intrinsic atrial rate exceeds the TR1 of 100 
bpm, then RRAVD is shortened to the AVD_1 of 1 50 ms. 
When the intrinsic atrial rate reaches the TR2 of 140 
bpm, the RRAVD is shortened to the AVD_min of 100 
ms. Thus, when the intrinsic atrial rate exceeds 140 
bpm, the TARP is 375 ms (PVARP of 275 ms + AVD_min 
of 100 ms) and the corresponding block entry rate is 160 
bpm (60,000 +375). 

From t1 to t2 the intrinsic atrial rate and the sensed 
functional atrial rate have the same slope (i.e. are at a 
1:1 ratio) since no P-waves fall into the TARP. When the 
intrinsic atrial rate exceeds the block entry rate at t2, the 
2:1 block response mode is entered and the sensed 
functional atrial rate becomes one half the value of the 
intrinsic atrial rate, dropping to 80 bpm. Since in previ- 
ously known pacemakers the RRAVD is based on the 
sensed functional atrial rate, the RRAVD is reset from 
AVD_min of 100 ms to AVD_max of 200 ms because 
the sensed functional atrial rate of 85 bpm is less than 
the TR1 of 100 bpm. Thus at t2, when the intrinsic atrial 
rate exceeds the block entry rate and the 2:1 block re- 
sponse mode is initiated, the TARP is set to a new, high- 
er value of 475 ms (PVARP of 275 ms + AVD_max of 
200 ms). From t2 to t4 the RRAVD changes in accord- 
ance with the sensed functional atrial rate, for example, 
dropping to AVD_1 of 150 ms when the sensed func- 
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tional atrial rate exceeds 100 bpm. 

The approach of previously known pacemakers is 
problematic, as discussed above, since in order for the 
pacemaker to exit from the 2: 1 block condition ail P- 
waves must fail outside of the new 475 ms TARP of each 
cardiac cycle (set at t2). The block exit rate correspond- 
ing to the new TARP is 60,000 + 475, or 1 26 bpm. Thus, 
the pacemaker exits the 2:1 block condition when the 
intrinsic atrial rate drops below the block exit rate of 1 26 
bpm (i.e. the interval between each successive P-wave 
exceeds 475 ms) at t4. As a result, during the period 
between t3 (when the intrinsic atrial rate drops below 
the block entry rate) and t4 (when the intrinsic atrial rate 
drops below the block exit rate), the pacemaker forces 
the heart to remain at the 2:1 block condition even 
though the intrinsic atrial rate is at a safe value below 
the MTR. 

Thus, since the block entry rate of 160 bpm and the 
block exit rate of 126 bpm are not equal, the above ap- 
proach provides inconsistent rates of entry into, and exit 
from, the 2:1 block response mode, and thus unneces- 
sarily extends the duration of the 2:1 block response 
mode resulting in discomfort to the patient. A discrep- 
ancy in the rates of entry into and exit from 2:1 block is 
also inconsistent with the physiological behavior of a 
healthy heart and may cause additional discomfort to 
the patient. 

The pacemaker 10 (FIG. 1 ) of the present invention 
solves the above problem first, by continually monitoring 
the intrinsic atrial rate by sensing all P-waves, even the 
P-waves occurring during the TARP, and second, by 
basing changes in the RRAVD on the intrinsic atrial rate 
instead of the sensed functional atrial rate when the in- 
trinsic atrial rate exceeds the MTR. The sensed func- 
tional atrial rate is still used for pacing the ventricles at 
the reduced rate, but the RRAVD values are set based 
on the intrinsic atrial rate and not on the sensed func- 
tional atrial rate. 

As shown in FIG. 4, a graph depicting an example 
of the enhanced 2:1 block response of the pacemaker 
10 (FIG. 1) of the present invention is described. In this 
example, the PVARP is 275 ms, the AVD_min is 100 ms, 
the AVD_1 is 150 ms, the AVD_max is 200 ms, the TR1 
is 100 bpm, the TR2 is 140 bpm, the base rate is 80 
bpm, and the MTR is 160 bpm. When the intrinsic atrial 
rate is below the base rate, the atria and ventricles are 
paced at the base rate (80 bpm). At tl, the intrinsic atrial 
rate begins to increase until t2 when the intrinsic atrial 
rate reaches the MTR of 160 bpm. The RRAVD is at the 
AVD_max of 200 ms until the intrinsic atrial rate reaches 
the TR1 of 100 bpm, when it is shortened to the AVD.J 
of 1 50 ms. When the intrinsic atrial rate reaches the TR2 
of 1 40 bpm, the RRAVD is shortened to the AVD_min of 
100 ms. Thus, when the intrinsic atrial rate exceeds 140 
bpm, the TARP is 375 ms (PVARP of 275 ms + AVD_min 
of 1 00 ms) and the corresponding block entry rate is 1 60 
bpm (60,000 + 375). 

From t1 to t2 the intrinsic atrial rate and the sensed 
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functional atrial rate have the same slope (i.e. are at a 
1:1 ratio) since no P-waves fall into the TARP of each 
cardiac cycle. When the intrinsic atrial rate exceeds the 
block entry rate at t2 t the 2:1 block response mode is 
entered and the sensed functional atrial rate becomes 
one half the value of the intrinsic atrial rate dropping to 
80 bpm. In accordance with the principles of the present 
invention the RRAVD is based on the intrinsic atrial rate. 
Thus, the RRAVD continues to remain at AVD_min of 
100 as long as the intrinsic atrial rate exceeds TR2 of 
140 bpm. Thus at t2, when the intrinsic atrial rate ex- 
ceeds the block entry rate and the 2:1 block response 
mode is initiated, the TARP remains at its value of 375 
ms (PVARP of 275 ms + AVD_min of 100 ms). From t2 
to t3 the RRAVD remains at AVD_min of 100 ms since 
the intrinsic atrial rate exceeds TR2 of 140 bpm. 

The block exit rate corresponding to the TARP of 
375 ms is 60,000 + 375, or 1 60 bpm - equal to the block 
entry rate of 160 bpm. Thus, the pacemaker exits the 2: 
1 block response mode when the intrinsic atrial rate 
drops below the block exit rate of 160 bpm (i.e., the in- 
terval between successive P-waves exceeds 475 ms) 
at t3. As a result, the pacemaker 10 (FIG. 1) exits from 
the 2:1 block response mode as soon as the intrinsic 
atrial rate is at a safe level below the MTR (since MTR 
is equal to block exit rate). It should be noted that in prac- 
tical applications there may be slight variations between 
the block entry rate and block exit rate which do not sig- 
nify a departure from the spirit of this invention. 

Thus, since the block entry rate and the block exit 
rate are equal, the pacemaker 1 0 (FIG. 1 ) of the present 
invention provides relatively consistent rates of entry in- 
to, and exit from, the 2:1 block response mode, minimiz- 
ing patient discomfort accompanying the 2:1 block re- 
sponse mode and emulating the physiological behavior 
of a healthy heart. The pacemaker 10 (FIG. 1) of the 
present invention also remains in the 2:1 block response 
mode only as long as is necessary to respond to a high 
atrial rate exceeding the MTR. 

As shown in FIG. 5, a logic flow diagram represent- 
ing the control program for the control system 30 of FIG. 
1 in accordance with the present invention is described. 
This control program is executed in a loop, continually 
providing the pacemaker 10 (FIG. 1) with the capability 
of entering into or exiting from a 2:1 block response 
mode at relatively consistent rates of entry and exit. 
Preferably, one complete loop of the control program fol- 
lows a single cardiac cycle. After the control program 
begins at a step 100, the control system 30 (FIG. 1) al- 
lows the pacemaker 1 0 (FIG. 1 ) to acquire a P-wave sig- 
nal from the atria (not shown) of the heart 12 (FIG. 1) 
through the electrode 1 8 (FIG. 1 ). At a step 1 02, the con- 
trol system 30 (FIG. 1) causes the atrial amplifier 26 
(FIG. 1 ) to amplify the P-wave signal, and then receives 
the amplified P-wave signal through the signal line 32 
(FIG. 1). At the step 102, the control system 30 (FIG. 1) 
also determines the intrinsic atrial rate as described 
above. 



At a test 104 the control system 30 (FIG. 1 ) deter- 
mines if the intrinsic atrial rate is greater than or equal 
to the TR2. If the intrinsic atrial rate is greater than or 
equal to the TR2, the rate responsive AVD is set to its 

s minimum value AVD_min at a step 106 and the 2:1 block 
response mode is entered. This step also results in the 
TARP being set to and kept at its minimum value 
(PVARP + AVD_min). As a result, the block entry rate 
and the block exit rate are equal to one another, since 

10 the TARP remains at its minimum value during the time 
the intrinsic atrial rate exceeds the MTR (and the block 
entry rate), as discussed above in connection with FIG. 
4. The control system 30 (FIG. 1) then completes the 
loop by returning to the step 100 for the next cardiac 

is cycle. 

If, at the test 104, the control system 30 (FIG. 1) 
determines that the intrinsic atrial rate is less than the 
TR2, the control system 30 (FIG. 1) proceeds to a test 
108. At the test 108, the control system 30 (FIG. 1) de- 

20 termines if the intrinsic atrial rate is less than or equal 
to the TR1. If the intrinsic atrial rate is not less than or 
equal to the TR1 t at a step 110, the control system 30 
(FIG. 1 ) sets rate responsive AVD equal to an incremen- 
tal value between AVD_max and AVD_min. The exact 

25 value or values may be programmed by the medical 
practitioner using the external programmer 52 (FIG. 1). 
If at the test 108 the intrinsic atrial rate is less than or 
equal to the TR1, the rate responsive AVD is set to its 
maximum value of AVD_max at a step 112. The control 

30 system 30 (FIG. 1 ) then completes the loop by returning 
to the step 100 for the next cardiac cycle. 

Thus, an implantable dual-chamber pacemaker 
programmed to operate primarily in an atrial tracking 
mode is provided, where the pacemaker continually 

55 monitors the intrinsic atrial rate including atrial events 
occurring during refractory periods and where the pace- 
maker maintains a consistent atrial rate of entry into, and 
exit from, a 2:1 block response mode by setting rate- 
responsive AV delay values in accordance with the con- 

40 tinually monitored intrinsic atrial rate. 



Claims 

45 1. An implantable pacemaker (10), comprising: atrial 
sensing means (18,14,26) for sensing an intrinsic 
atrial rate in an atrial chamber of the heart (12); 
pulse generating means (22,24) for generating pac- 
ing pulses for delivery to the atrial and ventricular 

so chambers of the heart (1 2); and control means (30), 
coupled to the atrial sensing means and the pulse 
generating means; characterised in that the control 
means (30) is arranged to effect tracking of the atri- 
um and pacing in the ventricle in a 2:1 block re- 

55 sponse when the intrinsic atrial rate exceeds a block 
entry rate, and is also arranged to terminate the 2: 
1 block response mode when the intrinsic atrial rate 
falls below a block exit rate that is substantially 
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equal to the block entry rate. 

2. A pacemaker as claimed in Claim 1 , characterised 
in that the pulse generating means (24) generates 
pacing pulses for delivery to the ventricle at a rate $ 
not less than a first threshold rate and not grater 
than a second threshold rate, the control means 
(10) further comprising: means for defining a pro- 
grammable total refractory period comprising a sum 
of a first refractory period and a second refractory 
period; means of detenu ining the intrinsic atrial rate - 
by causing the atrial sensing means to sense all atri- 
al events of each cardiac cycle, including atrial 
events occurring during the total refractory period 
of each cardiac cycle; means for setting the second 
refractory period to a maximum value, correspond- 
ing to a maximum total refractory period, when the 
intrinsic atrial rate is less than or equal to the first 
threshold rate; means for setting the second refrac- 
tory period to a minimum value, corresponding to a 
minimum total refractory period, when the intrinsic 
atrial rate is greater than or equal to a second 
threshold rate; and means for setting the second re- 
fractory period to at least one intermediate value, 
corresponding to at least one intermediate total re- 
fractory period, when the intrinsic atrial rate is great- 
er than the first threshold rate and less than the sec- 
ond threshold rate. 

3. A pacemaker as claimed in Claim 2, characterised 
by means for defining the block entry rate and the 
block exit rate as being inversely proportional to the 
minimum total refractory period. 

4. A pacemaker as claimed in Claim 2 or Claim 3, char- 
acterised in that the control means additionally 
comprises: means for determining a sensed func- 
tional atrial rate by counting atrial events which oc- 
cur outside of the total refractory period of each car- 
diac cycle; and means for causing the pulse gener- 
ating means (24) to generate pacing pulses in the 
ventricular chamber at a ventricular pacing rate 
equal to the sensed functional atrial rate of each 
cardiac cycle. 

5. A pacemaker as claimed in any of Claims 2 to 4, 
characterised in that the control means (30) addi- 
tionally comprises: means for initiating a 2:1 block 
response mode, at which the sensed functional atri- 
al rate is one half of the intrinsic atrial rate, when at 
least one atrial event occurs during the minimum 
total refractory period; and means of terminating the 
2:1 block response mode when no atrial event oc- 
curs during the minimum total refractory period. 

6. An implantable pacemaker (10), comprising: atrial 
sensing means (18,14,26) for sensing an intrinsic 
atrial rate in the atrial chamber of the heart (12); 



pulse generating means (22,24) for generating pac- 
ing pulses for delivery to the atrial and ventricular 
chambers; and control means (30), coupled to the 
atrial sensing means and the pulse generating 
means, for pacing the ventricular chamber so that 
the ventricular chamber is paced at a rate at least 
equal to a base rate, and at most equal to a maxi- 
mum tracking rate (MTR); characterised in that the 
control means (30) further includes: means for de- 
fining a programmable total atrial refractory period 
(TARP) comprising the sum of a programmable post 
ventricular atrial refractory period (PVARP) and a 
rate responsive AV delay (RRAVD); means for de- 
termining the intrinsic atrial rate by causing the atrial 
sensing means (18) to sense all atrial events of 
each cardiac cycle, including atrial events occurring 
during the TARP of each cardiac cycle; means for 
setting the RRAVD to a maximum value, corre- 
sponding to a maximum TARP, when the intrinsic 
atrial rate is less than or equal to the base rate; 
means for setting the RRAVD to a minimum value, 
corresponding to a minimum TARP, when the intrin- 
sic atrial rate is greater than or equal to a second 
threshold rate; and means for setting the RRAVD to 
at least one intermediate value, corresponding to 
an intermediate TARP, when the intrinsic atrial rate 
is greater than the base rate and less than the sec- 
ond threshold rate. 

A pacemaker as claimed in Claim 6, characterised 
in that the minimum TARP is inversely proportional 
to a block entry rate at which a 2:1 block response 
mode is initiated and is also inversely proportional 
to a block exit rate at which the 2:1 block response 
mode is terminated. 

A pacemaker as claimed in Claim 6 or Claim 7, char- 
acterised in that the control means (30) comprises: 
means for determining a sensed functional atrial 
rate by counting atrial events which occur outside 
of the TARP of each cardiac cycle; and means for 
causing the pulse generating means (24) to gener- 
ate pacing pulses in the ventricular chamber at a 
ventricular pacing rate equal to the sensed function- 
al atrial rate of each cardiac cycle. 

A pacemaker as claimed in any of Claims 6 to 6, 
characterised in that the control means (30) com- 
prises: means for initiating a 2:1 block response 
mode, during which the sensed functional atrial rate 
is one half of the intrinsic atrial rate, when at least 
one atrial event occurs during the minimum TARP; 
and means for terminating the 2:1 block response 
mode when no atrial events occur during the mini- 
mum TARP. 

An implantable pacemaker (10), comprising: means 
for defining a programmable total refractory period 
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comprising the sum of a first refractory period and 
a second refractory period; atrial sensing means 
(18,14,26) for sensing an intrinsic atrial rate in an 
atrial chamber of a heart (12), the atrial sensing 
means comprising means for sensing atrial events 
during the total refractory period; and pulse gener- 
ating means (22,24) for generating pacing pulses 
for delivery to the atrial and ventricular chamber, 
characterised by: first trigger means for initiating a 
2:1 block response when the intrinsic atrial rate ex- 
ceeds a block entry rate; and second trigger means 
for terminating a 2:1 block response when the in- 
trinsic atrial rate decreases below a block exit rate 
that is substantially equal to the block entry rate. 

11. A pacemaker as claimed in Claim 10, characterised 
in that the ventricular chamber is paced at a rate at 
least equal to a first threshold rate, and at most 
equal to an upper threshold, rate, the pacemaker 
further comprising: monitoring means for determin- 
ing when the intrinsic atrial rate is less than or equal 
to a first threshold rate, for determining when the 
intrinsic atrial rate is greater than or equal to a sec- 
ond threshold rate, and for determining when the 
intrinsic atrial rate is greater than the first threshold 
rate and less than the second threshold rate; and 
selection means responsive to the monitoring 
means for setting the second refractory period to a 
maximum value when the intrinsic atrial rate is less 
than or equal to a first threshold rate, for setting the 
second refractory period to a minimum value when 
the intrinsic atrial rate is greater than or equal to a 
second threshold rate, and for setting the second 
refractory period to at least one intermediate value 
when the intrinsic atrial rate is greater than the first 
threshold rate and less than the second threshold 
rate, whereby: when the second refractory period is 
set to a minimum value, the total refractory period 
is set to a minimum total refractory period; when the 
second refractory period is set to at least one inter- 
mediate value, the total refractory period is set to at 
least one intermediate total refractory period; and 
when the second refractory period is set to a max- 
imum value, the total refractory period is set to a 
maximum total refractory period. 



pacing rate equal to the sensed functional atrial rate 
of each cardiac cycle. 

14. A pacemaker as claimed in any of Claims 10 to 1 3, 
s characterised by: means for -initiating a 2:1 block 
response mode, at which the sensed functional atri- 
al rate is one half of the intrinsic atrial rate, when at 
least one atrial event occurs during the minimum 
total refractory period; and means for terminating a 
10 2: 1 block response mode, at which the sensed func- 
tional atrial rate is one half of the intrinsic atrial rate, 
when no atrial events occur during the minimum to- 
tal refractory period. 

15 15. An implantable pacemakerfor providing a 2:1 block 
upper rate response characterised in that it com- 
prises means for defining a block entry rate at which 
the 2:1 block response mode is initiated and means 
for defining a block exit rate at which the 2:1 block 

20 response mode is terminated, wherein the block en- 
try rate is substantially equal to the block exit rate. 
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12. A pacemaker as claimed in Claim 11 , characterised 
in that the minimum total refractory period is in- 
versely proportional to the block entry and exit 
rates. 

13. A pacemaker as claimed in Claim 11 or Claim 12, 
characterised by: means for determining a sensed 
functional atrial rate by counting atrial events which 
occur outside of the total refractory period of each 
cardiac cycle; and third trigger means for causing 
the pulse generating means (24) to generate pacing 
pulses in the ventricular chamber at a ventricular 
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